Abstract. In this paper the dynamic behavior of grounding electrodes is investigated by
INTRODUCTION
Equivalent circuits are frequently used in the analysis of grounding systems due to the simplicity of modelling they offer [1] - [5] .
The impedance to ground is one of the most important characteristics of any grounding system. In this paper the circuit based method (CBM) from [5] is used to determine the grounding impedance of a perfect conductor placed in imperfect ground, using the thin wire approximation. The obtained results for the harmonic impedance to ground of the conductor are compared to results obtained by implementation of a lumped R-L-C circuit, a transmission line (TL) model, and the referent EMF model from [6] .
A thorough verification process of the CBM method implemented in this paper has been previously performed by the authors [7] , [10] . 
METHODS FOR DETERMINATION OF THE GROUNDING IMPEDANCE

CBM model
The CBM method was first implemented by Otero, Cidras and Alemo in 1999 [5] . This method operates in the frequency domain and creates an equivalent circuit that takes into account all the inductive, capacitive, and conductive couplings between the conductor segments. Propagation effects on the EM fields are not considered in [5] . A newer expanded version of the CBM method was proposed by Visacro and Silveira in 2004 [8] , in which the authors introduced time propagation by multiplying the classical CBM equations with the term e -γr , where γ is the propagation constant of the medium and r is the distance between the point of interest and the source point. The enhanced CBM method from [8] was called Hybrid Electromagnetic Model (HEM).
The system analyzed in this paper is consisted of a perfect conductor placed in imperfect ground. The length of the conductor is noted as l, and the radius is noted as a. The conductor is segmented for the needs of the CBM method and one of the segments is presented in Fig. 1 .
Fig. 1 Geometry of the conductor
In Fig.1 σ, ε and μ are the conductivity, permittivity and permeability of the soil, while the according characteristics of the air are σ 0 , ε 0 and μ 0 . Indexes j and m mark the number of the corresponding node, while index k marks the corresponding segment. The thin wire approximation requires the length of the conductor to be significantly larger than its radius (l>>a).
The solution for the potential distribution of the electrode is based on conventional nodal analysis which is represented in the following matrix equations (1) results with the potential distribution [V] (of every node) along the conductor. The conductor is excited by a harmonic current source at the first node and the impedance to ground is calculated as a ratio of the conductor's first node voltage and current. The presence of air-earth interface is taken into account by implementing the quasi-dynamic image theory [9] . For the purpose of this research the CBM method is implemented in the classical form [5] , and in the hybrid form [8] . More details of the extraction of impedances, conductances from Maxwell's equations and the approximated relation between nodal and segment potentials can be found in [7] .
The validity of the CBM method applied on complex grounding networks has been thoroughly investigated by the authors [7] , [10] . One such network is the E. Balaidos II substation grounding (located close to the city of Vigo, Spain). The analyzed network has dimensions 80 x 60 m and is constructed with 107 horizontal copper bars of 1.28 cm diameter buried at 80 cm depth and a set of 67 vertical copper clad steel rods of 1.4 cm diameter and 2.5 m length. 3D view of the grounding grid and the profile on the surface of the ground used for calculations is presented in Fig. 2 . Small portion of the verification results will be presented in The verification process included results for the potential along the profile when injected current frequency is low (50 Hz) and higher (100 kHz) [10] . The current was injected in a corner of the grounding grid (point O1 from Fig. 2 ). The resistivity of the soil was ρ=50 Ωm. The obtained results are compared graphically in Fig. 3 . 
Lumped circuit (R-L-C) approach
The second method that was compared in this paper is the lumped circuit (R-L-C) approach. The main purpose of this method is to equivalent the grounding conductor with its input impedance or impedance to remote neutral ground. At low frequencies, the input impedance is represented by a single resistor and at high frequencies by a lumped R-L-C circuit, Fig. 4 . Fig. 4 Low-and high-frequency equivalent lumped circuit of the grounding conductor.
The expressions used for the circuit parameters of a vertical grounding rod are taken from reference [11] .
TL model
The third method being compared in this paper is the TL or distributed circuit parameters method, Fig. 5 . This method assumes transverse-electromagnetic (TEM) propagation on a perfect infinite conductor in a homogeneous medium and neglects the effects of the earth-air interface. The distributed circuit parameters (per length) are obtained from the lumped circuit parameters (2) in the following manner Fig. 3 presents a discrete approximation of the distributed-parameter circuit, where each segment of the grounding conductor is represented by a R-L-C section. Identical parameters are used for each section. The impedance to ground of the grounding electrode is in fact, the input impedance of the transmission line open at the lower end [12] . 
EMF approach
The EMF method is used to investigate the validity range of the methods presented in the previous subsections. The referent results are obtained by rigorous Method of moments calculations of the Mixed potential integral equation [8] implemented on the identical system. For the perfect conductor from More details of the MPIE solution can be found in [13] .
RESULTS
In the first part of this section, the comparison between the curves of the impedance to ground obtained by the different methods is presented. a) b) Fig. 6 Impedance to ground of a 3m long vertical grounding rod Fig. 6 a) and b) present the impedance to ground for 3m long vertical grounding conductor, calculated by implementation of CBM method, compared to curves obtained by the other methods from literature [6] . The radius of the analyzed conductor is 1.25 cm. The value of soil resistivity (ρ=1/σ) is a) 30 Ωm and b) 300 Ωm. The length of the conductor is increased 10 times in Fig. 7 . As shown in the figures, the CBM method is implemented in two ways -first without time propagation, and secondly by including time propagation effects in the equivalent circuit parameters. It is visible from Figs. 6 and 7 that there is an excellent agreement between the results obtained by the CBM method including time propagation and the referent EMF method. The differences between all the other impedance curves and the above mentioned method are clearly significantly larger, especially for high frequencies. The CBM method takes into account not only the self characteristics of each segment but also the coupling among different segments. That is the main reason for the high precision of CBM compared with other less accurate circuit methods, some of which are tested in this paper.
The second part of the section provides a parametric analysis of the grounding impedance of a horizontal conductor buried in imperfect ground, in terms of soil resistivity and conductor length. Classical and enhanced CBM is compared in the latter case. The dependency of the grounding impedance on the specific soil resistivity is shown in the following figures. Fig. 8 a) and b) presents the magnitude and phase of the grounding impedance for a 3m long horizontal grounding conductor and Fig. 9 for a 30m long horizontal conductor, respectively. The radius of the analyzed conductor is 1.25 cm, the depth of burial is 80 cm and the relative permittivity of soil is set to ε r =10. It may be observed from Figs. 8 and 9 that as could be expected, the impedance is significantly higher for grounding conductors placed in highly resistive soil.
The third part of this section provides a parametric analysis of the grounding impedance of a horizontal conductor buried in imperfect ground, in terms of soil resistivity and relative permittivity. Classical and enhanced CBM is implemented for horizontal and vertical grounding conductors. Fig. 10 a) It may be concluded from the presented research that the CBM method is a solid choice for determining the grounding impedance of buried single conductors, in terms of accuracy. Even the classical form of CBM that doesn't include time propagation of EM fields provides much more accurate results than the other investigated methods, compared to the referent results. It may be observed in the presented figures that a very high agreement exists between the referent results and those obtained by implementation of enhanced CBM method (HEM). The higher accuracy of this method compared to other circuit methods is mainly due to the coupling of segments that CBM (and HEM) take into account.
The high precision of the CBM method in addition with the relative simplicity and high speed of its application shows that it may be one of the best choices in the analysis of grounding systems.
